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review  is  given  <if  the  four  main  types  of  reaetion  whieh  are  important  in  determining 
the  distribution  of  products  in  the  oxidation  of  hydrocarbons-. 

(a)  free-radical  attack  on  the  hydrocarbon  RH; 

(b)  decomposition  of  the  radical  H by  C-C  homolysis; 

(c)  reaction  of  R radical  with  Oj  to  form  the  conjugate  alkene; 

(d)  reaction  of  R radical  with  to  gis’e  O-heterocycle.s  and  other  oxygenated  pnxlucts. 

Rate  constants  for  these  types  of  reaction,  obtained  from  studies  of  the  oxidation  of  C2-C4 
hydrocarbons  and  neopentane,  are  applied  to  predict  the  yields  of  products  in  the  oxidation 
of  pentane. 


X 


During  the  past  few  years,  product  profiles 
ind  rate  constants ' for  the  elementary  reactions 
involved  have  been  obtained  for  a number 
:>f  lower  hydrcK-arbons  and  related  compounds 
undergoing  oxidation  in  the  temperature  range 
140-5(X)°C,  where  the  mechanism  is  rather 
dmpler  than  at  lower  temperatures.  At  about 
500°C,  four  main  types  of  reaction  are  impor- 
tant in  determining  the  product  distribution. 

!i)  Free-radical  attack  on  the  hydrocarbon. 

X + RH  = XH  + H 


(ii)  Decomposition  of  the  radical  R by  C-C 
homolysis,  this  reaction  becoming  more 
important  as  the  concentration  of  O2  decreases 
and  the  temperature  increases. 

(iii)  Reaction  of  R radicals  with  Oj  to  form 
the  conjugate  alkene,  the  yields  varying  be- 
tween 50%  (n-butane)  and  95%  (ethane)  at 
normal  Oj  concentrations. 

(iv)  Reaction  of  R radicals  with  Oj  to  give 
O-heterocycles  and  other  oxygenated  produces. 
Although  present  in  yields  of  only  5- 10%  with 
C2-C4  hydrocarbons,  the  total  yields  of  these 
compounds  can  rise  to  50%  with  C,  and  C, 
alkanes. 

Two  other  general  types  of  reaction  may  also 
become  important  in  appropriate  circum- 
stances. First,  with  relatively  long  alkyl  radi- 


cals, isomerisation  by  H-atom  transfer  may 
(K'cur,  although  such  reactions  are  usually 
slower*  than  the  alternative  reactions  (ii)-(iv) 
listc<l  above.  Secondly,  at  high  reaction  rates, 
for  example  in  cool  flames,  where  radical 
concentrations  are  high,  chain  propagation 
may  (K'ciir  through  radical-radical  reactions. 
Such  reactions,  however,  will  not  normally  be 
important  under  the  experimental  conditions 
ilescrilH'd  in  this  paper. 

This  paper  falls  into  two  main  sections.  In 
the  first,  the  information  available  for  these 
reactions  from  studies  with  hydrocarbons 
other  than  n-pentane  is  reviewed.  The  second 
section  examines  the  extent  to  which  use  of 
these  constants  enables  a satisfactory  predic- 
tion to  be  made  of  the  product  distribution 
obtained  in  the  oxidation  of  n-pentane  at 
480°C. 


Types  of  Reaction  in  Hydrocarbon 
Oxidation 

1.  Free-radical  Attack  on  Hydrocarbons  and 
Related  Compounds 

In  general,  at  400-500°C,  the  hydrocarbon 
is  removed  mostly  by  attack  of  OH  and  HO- 
radicals.  In  the  presence  of  H-,  attack  by  H 
atoms  will  also  be  important.  With  the  devel- 
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opment  of  E.S.R.,  resonance  fluorescence,  an  J 
other  spectroscopic  technicjues,  reliable  rate 
constants  are  now  available  for  and  OH^ 
reactions  with  hydrcK-arbons  and  related 
compounds,  particularly  at  room  temperature. 
At  about  50()°C,  studies  of  the  relative  rate 
of  loss  of  H 2 and  hydrocarbon,  when  traces 
{)f  hytlrocarbon  are  added  to  slowly  reacting 
mixtures  of  Hj  + Oj  in  aged  boric-acid-coated 
vessels  (Method  I),  have  given  relative  rate 
constants  for  H and  OH  attack.^  The  isolation 
of  a ‘clean’  source  of  HOj  radicals  has  been 
a long-standing  problem  in  hydrocarbon  ox- 
idation, since  these  radicals  are  usually  ac- 
companied by  the  more  reactive  OH  radicals. 
The  addition  of  hydrocarbons  to  slowly  react- 
ing mixtures  of  formaldehyde  and  Oj  in  KCl- 
coatetl  vessels  at  440-540°C  has  recently  been 
used  to  study  reactions  of  HO,  radicals.®-® 
Below  .5(X)°C,  OH  radicals  are  effectively  ab- 
sent Irecause  the  hydrogen  peroxide  formed 
is  efficiently  destroyed  at  the  vessel  surface. 
Al)ove  500°C,  homogeneous  decomposition  of 
hydrogen  peroxide  occurs  to  a limited  degree 
aiul  a small  correction  for  OH  attack  on  the 
hydrocarbon  is  necessary. 

Specific  parameters  (Table  I)  for  radical 
attack  can  be  obtained  from  an  additivity  rule 
based  on  the  assumption  that  the  contribution 
per  C-H  bond  to  the  total  rate  constant  is  the 
same  for  all  primary,  all  secondary,  and  all 
tertiary  C-H  bonds  in  each  hydrocarbon.  The 
overall  rate  constant  k is  then  given  by 

k = r»^A^exp(-E^/RT)  + 

n,A,exp(-E,/RT) 

+ n,i4,exp(-E,/RT)  (i) 

where  n is  the  number  of  bonds  of  a specific 
type,  A is  the  Arrhenius  factor  per  C-H  bond, 
and  E is  the  corresponding  activation  energy. 
The  subscripts  p,  s,  ( refer  to  attack  at  primary, 


secondary,  and  tertiary  C-H  bonds,  respec- 
tively. Table  I also  gives  the  specific  rate 
constants  for  OH  and  H attack  relative  to 
reactions  (a)  and  (b)  respectively  at  480°C.  To 
obtain  absolute  values,  rate  constants  for  these  4 ^ 
reactions  are  required.  ' 

OH  + Hj  = HjO  + H (a)  i 

H + Oj  = OH  + O (b)  I 

However,  for  the  calculation  of  the  proportions  fu/ , 
of  each  species  of  alkyl  radical  formed  from 
the  hydrocarbon,  only  the  relative  values  of  jt 
the  rate  constants  for  radical  attack  are  re-  ^ ^ 
quired. 

•<c_» 

2.  Decomposition  of  Alkyl  Radicals  by  C-C 
Homolysis 

Arrhenius  parameters  are  available  in  the  ? 
literature  for  the  decomposition  by  C-C  ho- 
molysis  of  n-propyl,®  n-butyl,®  s-butyl‘®  and 
i-butyl"  radicals;  the  values  considered  to  be 
the  most  reliable  are  given  in  Table  II.  All 
the  parameters  are  determined  by  the  use  of 
the  rate  constant  for  the  appropriate  radical- 
radical  recombination.  Although  the  rate  con- 
stant for  methyl  radical  recombination  is  now 
accurately  known  at  room  temperature'  (the 
temp>erature  coefficient  is  less  well  established 
experimentally),  the  values  for  other  alkyl 
radicals  are  less  certain,  particularly  in  the  case 
of  the  t-butyl  radical  where  the  reported  val- 
ues* range  from  10®  at  low  temperatures'®  to 
10*-®  at  350°C.'*  More  recent  studies '®  suggest 
that  the  low  values  may  be  in  error  and  that 
the  recombination  rate  constant  for  t-butyl  is 
at  least  10^  even  at  low  temperatures.  The  most 
reasonable  estimate  for  the  recombination  rate 


•All  values  of  rate  constants  are  in  litre  mole 
second  units,  and  R in  cal  mole*'  K*'. 


TABLE  I 

Specific  parameters  (per  C-H  bond)  for  H,  OH  and  HOj  attack* 


OH 

H 

HO,' 

A® 

E® 

k(OH  + RHP 
lt(OH  + H,) 

A" 

£• 

*(H  + RH)® 
fc(H  + O.) 

A 

E 

primary 

6.15  X 10" 

1.65 

0.95 

2.2  X 10'® 

9.7 

6.5 

1.0  X 10* 

19.4 

secondary 

1.4  X 10* 

0.86 

1.8 

5.0  X 10'® 

8.35 

45 

1.0  X 10* 

17.0 

teHiary 

1.25  X 10* 

-0.19 

4.7 

8.7  X 10'® 

7.0 

165 

1.0  X 10* 

14.4 

1 mol  - ' s * ' and  kcal  mol  * ' units. 
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TABLE  II 

Alkyl  radical  decompositions* 


Reaction 

A/s'* 

K/kcal  mol  “* 

T/K 

k/s-‘  at  753  K 

Ref. 

n-CjHg-^CgH^  + CHj 

1.6  X 10'< 

30.1 

523-623 

2.95  X 10® 

8 

n-C«H,-»C,H4  + C,H, 

2.5  X 10'® 

28.7 

4.30-520 

1.19  X 10® 

9 

S-C4H9-.C3H,  -K  CH3 

7.3  X 10'* 

.34.4 

533-613 

7.55  X 10* 

10 

i-C.Hg-CgH,  + CHg'’ 

2.8  X 10'* 

32.7 

543-598 

9.1  X 10* 

II 

(CH  j),C.CH,  — i-C,  H,  + CHj 

k = 3.53  X 10® 

762 

12 

‘V'aliies  re-calculated  from  original  data' 
'’Arrhenius  A factor  is  probably  too  low 


constant  at  about  500°C  for  an  unspecified 
alkyl  radical  may  be  10^ the  values  may 
decrease  in  the  order  primary  > secondary  > 
tertiary.  Following  suggestions  in  a recent 
review,'  the  recombination  rate  constant  for 
primary  radicals  has  been  taken  as  10 and 
that  for  secondary  radicals  as  lO'®* 
exp(-3560/RT):  a value  for  tertiary  radicals 
will  not  be  required  in  this  paper.  Since  the 
recombination  rate  constant  appears  as  a 
square  root  in  the  rate  expression,  an  uncer- 
tainty in  this  rate  constant  of  an  order  of 
magnitude  is  effectively  reduc-ed  to  a factor 
of  3 in  the  rate  constant  of  the  competing 
reaction. 


3.  Reaction  of  R Radicals  with  O,  to  Form 
Conjugate  Athene 

At  sub-atmospheric  pressures  in  the  temper- 
ature region  of  300-500°C,  with  hydrocarlmns 
where  its  formation  is  possible  structurally, 
the  conjugate  alkene  is  the  major  primary 
product  in  the  initial  stages  of  reaction.  Rela- 
tively few  rate  constants  are  available  and  the 
' reaction  path  has  only  recently  been  elucidat- 

ed. The  conjugate  alkene  may  be  formed  in 
I at  least  three  ways  in  the  oxidation  of  R 

radicals: 

(i)  By  the  direct  bimolecular  reaction 

’ fl  + Oj  “ alkene  + HOj  (2) 

(ii)  Via  decomposition  of  ROj. 

(iii)  Via  Q(X)H,  formixl  by  intramolecular 

' H-atom  transfer  in  the  RO,  radical. 


R + O,^  RO,  -*  yooH 

\ I / 

conjugate  alkene 


If  the  conjugate  alkene  is  formed  by  all  three 
routes,  the  overall  rate  constant  is  extremely 
complex,'*  and  under  certain  circumstances 


may  be  dependent  on  mixture  composition. 
Evidence  against  conjugate  alkene  formation 
from  QOOH  has  been  provided  from  a study 
of  the  separate  addition  of  small  amounts  of 
n-butane  and  cis-butene-2  to  slowly  reacting 
mixtures  of  Hj  -t-  Oj. 

As  R and  ROj  are  effectively  equilibrated 
under  most  conditions  in  the  temperature 
range  AOO-SOfyC,  routes  (i)  and  (ii)  for  the 
formation  of  conjugate  alkene  cannot  ea.sily 
be  distinguished  and,  for  convenience,  the 
direct  bimolecular  reaction  R -t-  Og  will  be 
assumed  in  this  paper.  Table  III  summarises 
the  available  rate  data,  which  have  been  ob- 
tained in  two  ways.  Method  I involves  mea- 
surement of  the  relative  rates  of  formation  of 
conjugate  alkene  and  lower  alkene  when  the 
hydrocarbon  is  added  to  slowly  reacting  mix- 
tures of  Hj  + Og.  Thus  with  n-butane  as 
additive,  cis-and  trans-butene-2  and  propene 
are  formed  uniquely  as  primary  products  from 
the  s-C^Hg  radical. 

s-C,Hg  = C3H8-hCHj  (1) 
s-C,  H 9 + Oj  = C,  H g-2  HOg  (2b) 

From  measurements  of  the  yields  of  propene 
and  butene-2  over  a range  of  mixture  composi- 
tion, the  ratio  k,/kg^  is  obtained.  Using  the 
known  value  of  i,  (Table  II),  Kgf,  = 4.3  x 
10^  and  7.8  x 10^  at  48(TC  for  the  formation 
of  cis-  and  trans-butene-2,  respectively.*®  The 
analysis  is  more  complex  if  the  conjugate 
alkene  can  be  formed  from  more  than  one 
species  of  alkyl  radical,  for  instance  propene 
from  both  n-  and  I-Cj  Hg  radicals  and  butene- 1 
from  both  n-  and  s-C^Hg  radicals.  The 
proportion  of  conjugate  alkene  formed  from 
each  alkyl  radical  must  then  be  calculated  with 
the  aid  of  the  specific  rate  constants  for  H, 
OH,  and  HOg  attack  on  the  alkane*®  (Table  I). 

Values  of  kg  have  also  been  determined  from 
studies  of  the  oxidation  of  aldehydes  over  the 
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temperature  range  40(I-500°C  (Method  II). 
From  measurements'"  of  the  relative  yields 
of  ethane  and  ethylene  in  the  oxidation  of 
propionaldehyde  in  aged  boric-acid-coated 
vessels,  k^/kj  can  be  obtained.  The  absolute 
value  of  can  then  be  calculated  by  the  use 
of  the  known“  value  of  fcj 

Cj  H,  + Oj  = C j + HOj  (2e) 

CjHj  + CjHjCHO  = CjHg 

+ CJH5CO  (3) 

orCjHgCHO 

Values  of  kj  for  n-CjHj  + Oj**  and  i-CjH, 
+ 0,“  have  also  been  estimated  in  this  way 
(Table  III). 

The  rate  constant  ratios  both  from  Method 
I and  from  Method  II  are  accurate  to  within 
10%,  but  the  accuracy  of  the  absolute  values 
of  k,  is  limited  by  the  uncertainty  in  the 
currently  available  rate  constants  for  the  radi- 
cal cracking  reactions  (Table  II),  which  depend 
on  the  radical-radical  rate  constants  as  dis- 
cussed earlier.  Accepting  an  order  of  magni- 
tude uncertainty  in  the  latter,  then  a possible 
error  of  300%  in  the  absolute  values  of  k. 
exists.  The  variation  in  k,  spans  the  range  10* 
- 10"  and  may  be  partly  due  to  uncertainties 
in  k , and  kj.  The  agreement  between  the  two 
values  for  n-CjH^  + O,  shows  that  Methods 
I and  II  give  consistent  results. 

If  reaction  (2)  proceeds  by  a direct  bimo- 
lecular  process,  then  an  A factor  of  about  10" 
is  likely,  so  that  £,  will  be  small.  Experimental 
c-onfirmation  comes  from  a combination  of  kj 
for  i-C^Hg  + Oj  at  480°C  with  the  value  at 


40°C,  obtained  from  a photo-oxidation  study,"® 
which  gives  E = 7.5  kcal  mol"',  A = 3.5  x 
10®. 

The  role  of  surface  in  the  formation  of 
products  in  hydrocarbon  oxidation  has  been 
discussed  frequently.  Knox"'  has  suggested 
that  in  the  oxidation  of  isobutane  at  3(X)°C, 
isobutene  is  formed  in  a homogeneous  reaction 
but  that  the  other  products  are  formed  in 
surface  reactions  of  ROj.  Barnard,"*  however, 
found  no  pentenes  in  a shock-tube  study  of 
the  oxidation  of  n-pentaneat650-850°C,  where 
surface  reactions  should  be  unimportant,  and 
suggests  that  this  supports  Pollard’s  view"" 
that  conjugate  alkene  is  formed  at  the  vessel 
surface.  This  interpretation  can  probably  be 
discounted  because  radical  decomposition  re- 
actions should  dominate  at  the  temperatures 
used  by  Barnard,""  particularly  at  the  rather 
low  O.  pressures  used,  so  that  conjugate  alkene 
would  at  most  be  a minor  product.  Recently, 
studies®"  of  the  addition  of  n-butane  to  slowly 
reacting  mixtures  of  Hj  -1-  Oj  at  480°C  using 
fresh  and  aged  boric-acid-coated  and  ’clean’ 
Pyrex  vessels  with  diameters  varying  between 
20  and  55  mm  i.d.  have  shown  that  the  ra- 
tios [conjugate  alkene]  / [lower  alkene]  and 
[conjugate  alkene]  / [O-heterocycle]  are  in- 
dependent of  vessel  diameter  and  surface.  It 
is  thus  unlikely  that  surface  processes  are 
involved  in  product  formation  at  480°C,  and 
this  conclusion  almost  certainly  holds  at  higher 
temperatures.  At  lower  temperatures,  about 
300^,  surface  reactions  of  ROg,  and  particu- 
larly ROOH,  may  play  an  important  part  in 
the  formation  of  oxygenated  products  with  a 
lower  carbon  number  than  the  parent  hydro- 
carbon. 


TABLE  III 

Rate  constants  for  the  formation  of  conjugate  alkene 


Reaction 

Product 

T/K 

k/\  mol ■'  s'* 

Method 

Ref. 

C,H,  + Oj 

C,H, 

713 

5.5  X 10' 

11 

18‘ 

896 

1.0  X 10" 

C.H./O, 

19 

n-CjH,  + 0, 

C3H, 

723 

1.8  X 10' 

11 

20‘ 

753 

2.2  X 10' 

1 

21‘ 

i-C3  H7  + Oj 

C3H, 

713 

1.3  X 10" 

11 

22 

n-C^  + Of 

CsH,-! 

753 

1.6  X 10" 

1 

23 

s-CgHg  + 0, 

trans-Cg  H|-2 

753 

7.8  X 10' 

I 

23 

cis-C4  H*-2 

753 

4.3  X 10' 

1 

23 

C«H,-I 

753 

5.1  X 10' 

1 

23 

i-C,H,  + 0, 

i-C«H, 

753 

2.3  X 10' 

I 

24b 

313 

1.7  X 10" 

Photo-oxidn. 

25‘ 

‘recalculated  from  the  original  data  using  the  rate  constants  given  in  leference  I. 
'’preliminary  value. 
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4.  Heaction  of  R RadiceUs  with  Oj  to  Give 
O- Heterocycles 

It  is  generally  accepted  that  O-heterocyclic 
compounds  are  formed  by  the  homogeneous 
formation  and  subsequent  decomposition  of 
the  QOOH  radical  (PRID  theory).'-'* 

R + Oj  ^ RO,  (4) 

ROj  — QOOH  (5) 

QOOH  -»  O-heterocycle  + OH  (6) 

Thus,  for  example,  1,5  H atom  transfer  in  the 
2-pentylperoxy  radical  will  lead  to  2,4- 
dimethyloxetan. 


i 

CHj  — CHCH, 

I I +OH 

CH3CH  — O 


The  letters  p,  s,  t,  are  used  to  signify  transfer 
of  primary,  secondary,  and  tertiary  H atoms, 
respectively.  Oxirans,  oxetans,  tetrahydro- 
fiirans  (THF),  and  tetrahydropyrans  are 
formed  from  (1,4),  (1,5),  (1,6),  and  (1,7) 
transfers,  respec-tivuly.  The  relative  rates  of 
formation  of  the  various  QOOH  radicals  pro- 
duced from  a hydrocarbon  are  determined 
mainly  by  three  factors: 

(i)  the  relative  ease  of  attack  at  the  various 
C — H bonds  in  the  hydrocarbon; 

(ii)  the  strength  of  the  C — H Imnd  from  which 
internal  abstraction  occurs; 

(iii)  the  strain  energy  in  the  formation  of  the 
ring  transition  state. 

For  the  evaluation  of  kg,  very  simple  systems 
are  required.  The  oxidation  of  neopentane  is 


almost  ideal  in  this  respect.  Only  one  species 
of  alkyl  radical  is  formed,  and  as  conjugate 
alkene  formation  is  not  possible,  the  yield  of 
oxygenated  products  is  magnified.  Further,  at 
high  temperatures,  the  neopentyl  radical  de- 
composes, and  from  measurements  of  the  rela- 
tive amounts  of  decomposition  and  oxygenated 
products,  rate  constants  for  the  oxidation  reac- 
tions may  be  calculated  by  the  use  of  the  known 
rate  constant  for  the  decomposition  reaction. 
When  traces  of  neopentane  are  added  to  slowly 
reacting  mixtures  of  H,  -i-  Oj  at  753  K,  the 
primary  products,  methane,  formaldehyde, 
acetone,  isobutene,  and  3,3-dimetbyloxetan 
(DMO)  account  for  over  95%  of  the  neopentane 
lost  in  the  early  stages  of  reaction."'  Over  a 
ten-fold  range  of  Oj  pressure. 


R.= 

([DMO]  -t-  [acetone]) 

a [Oj] 

[isobutene] 

(ii) 

and 

Rj  = [acetone] /[DMO] a [Oj] 

(iii) 

The  relationships  are  consistent  with  the 
mechanism; 

C5H,,  — CHj  -I-  (CH3)jC==CHj 

(In) 

(4n) 

C,H„Oj^C,H,„OOH 

(5n) 

C,H,„OOH-*  DMO  -t^  OH 

(6n) 

C,H 

loOOH  +0^  ^ C,  H ,„(OOH)Oj 

(7n) 

C,H 

,„(OOH)Oj-.  CH3COCH3 

+ 2HCHO  + OH 

(8n) 

CH3  + OJ  -*  HCHO  + OH 

(9n) 

CH3  + Hj-*CH3  H 

(lOn) 

Using  stationary-state  treatment,  it  can  be 
shown'"'  that  reaction  (5n)  is  effectively  irre- 
versible, otherwise  the  kinetic  expression  for 
R , tends  towards  a square  dependence  on  [O,] 
at  high  [Oj]  in  direct  contrast  to  the  experi- 
mental observation  that  dependence  on  [Oj] 
falls  slightly  at  high  oxygen  concentrations. 
As  reaction  (4n)  is  effectively  equilibrated, 
then  R,  in  e<|uation  (ii)  is  given  by 

R.  = K«„fcs„[0,]/k,„  (iv) 

Using  the  value  of  given  in  Table  II  and 
K4,,  - 86  at  753  K from  thermochemical  data, 
then  kg„  • 1.8  x 10*.  Benson"*  suggests  that 
Aj,,  “ 10'* ' so  that  E « 27  kcal  mol 


p 
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By  the  use  of  n-butane  and  cis-  and  trans- 
biitene-2  as  separate  additives  to  the  Hj  + 
Oj  reaction  (Method  I),  values  of  fc,  for  (l,4p), 
(1.4s)  (epoxybutane)  and  (l,6p)(THF)  transi- 
tions have  been  obtained  at  753  K.*-”  In  all 
cases,  equations  similar  to  equation  (iv)  in  the 
neopentane  studies  are  obtained  from  the  re- 
sults and  a knowledge  of  the  values  of  fe,  and 
Kj  for  s-biityl  and  n-butyl  radicals  is  required 
(Table  II).  The  values  of  fc,  are  summarised 
in  Table  IV. 

Several  features  in  Table  IV  merit  further 
comment. 

(i)  The  value  for  k,  (l,5p)  from  neopentanc 
is  consistent  with  fc,  (l,4p)  and  fe,(l,6p)  from 
n-butane  and  this  suggests  that  the  rate  con- 
stants in  Table  IV  may  be  used  to  a first 
approximation,  at  least,  for  the  general  reaction 

ROj  — yooH. 

(ii)  The  ratio  k,  (l,4s)/fc5  (i,4p)  «»  11.  As  both 

rate  constants  were  obtained  from  reactions 
of  the  s-biityl  radical,  no  error  is  introduced 
into  the  ratio  by  uncertainty  in  radical  recom- 
bination rate  constants.  Similar  A factors  are 
expected  lor  the  transitions  because  the  en- 
tropy changes  are  small  and  almost  identical, 
so  if  the  ratio  of  1 1 arises  solely  from  activation 
energy  differences,  then  - E,,.  = 3.5 

kcal  mol ' ',  which  corresponds  to  the  normally 
accepter!  difference  in  the  bond  dis.sociation 
energies  between  a primary  and  a secondary 
C — H bond.  Assuming  a similar  difference 
between  the  hond  dissocation  energies  of  sec- 
ondary and  tertiary  C — H bonds,  then  values 
for  transitions  involving  tertiary  H atoms  may 


(iii)  For  transitions  involving  a primary  H 
atom,  the  change  from  a 1,4  to  a 1,5  transition 
increases  the  rate  constant  by  a factor  of  8.2 
and  by  a further  factor  of  3.3  for  the  change 
from  1,5  toa  1,6  transition.  For  equal  A factors 
these  increases  correspond  to  activation  energy 
differences  of  3.1  and  1.8  kcal  mol*',  respec- 
tively. These  differences  then  correspond  to 
differences  in  the  strain  energy  in  the  ring 
transition  stages  and  the  remaining  1,4  to  1,6 
transitions  can  thus  be  calculated. 

(iv)  The  absolute  activation  energies  are  based 
on  an  A factor  of  10‘^‘,  which  has  been 
suggested  by  Benson’*  for  the  l,5p  transition 
involverl  in  reaction  (5n). 

(v)  The  rate  constants  for  reaction  (5)  differ 
considerably  from  those  given  by  Fish.”  In 
particular,  the  present  values  for  1,4  and  1,5 
transitions  are  considerably  lower  and  the 
activation  energies  are  considerably  higher. 
Moreover,  the  rate  constants  for  1,6  transitions 
are  higher  than  for  the  1,5  transitions.  The 
variations  in  the  values  of  k and  E are  com- 
pletely inconsistent  with  the  strain  energies 
of  6.5,  0,  and  6.5  kcal  mol"'  suggested”  for 
the  ring  transition  states  in  the  formation  of 
yOOH  by  (1,4),  (1,5),  and  (1,6)  transitions, 
respectively. 


Prediction  of  the  Yields  of  Products 
with  Pentane  as  Additive 

With  the  recent  interest  in  computer  mixlel- 
ling  of  hydrocarbon  oxidation,  accurate  rate 


be  calculated. 

constants  for  oxidation  reactions  arc  increas- 

TABLE  IV 

Rale  constants  for  the  formation  of  (p(X)H  radicals 

C — H Jwnd 
broken 

Type  of 

If -atom 
transfer 

Estimates*  by  Fish” 

Experimental  values'* 

F. 

kcal  mol " ' 

k/s  ' at  753  K 

£ 

kcal  mol ' ' 

k/s-' at  753  K 

I.4p 

21 

1.5  x 10’ 

.30 

2.2  X 10’ 

primary 

1.5p 

15 

6.5  X 10’ 

27 

1.8  X 10’ 

l.«P 

21 

1.0  X 10’ 

2S 

6.0  X 10’ 

l.4i 

17 

1.5  X 10* 

26.5 

2.4  X 10’ 

M*('ondary 

1,5s 

II 

6.0  X 10’ 

23.5 

2.0  X 10’ 

1.6s 

17 

1.5  X 10* 

21.5 

6.5  X 10» 

l.4t 

14 

8.0  X 10* 

23 

2.6  X 10’ 

tertiary 

1.51 

8 

4 0 X 10" 

20 

2.2  X 10" 

1.61 

14 

8.0  X 10" 

18 

7.1  X 10" 

Fish  assumes  A “ I0‘*  s'*. 

Aitivation  energies  obtained  from  rate  constants  using  A - 10'*'  s'*. 
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inuly  in  ileniand.  As  the  variety  of  systems 
is  unlimited,  the  development  of  rate  constants 
for  use  generally  is  of  the  utmost  importance. 
Indeed,  a comprehensive  coverage  of  rate  data 
for  all  conceivahle  reactions  in  hydrocarbon 
oxidation  is  still  a distant  target  and  may 
indeerl  be  unnecessary  for  many  purposes.  For 
the  pentane  + Oj  system,  no  specific  rate 
constants  except  for  H and  OH  + C,H|2  are 
available  for  the  four  main  types  of  reaction 
listed  at  the  beginning  of  the  paper.  It  is, 
therefore,  intended  to  investigate  how  closely 
the  data  given  in  Tables  I-IV,  obtained  from 
studies  of  oxidation  of  C, — hydrocarbons 
and  neopentane,  can  pretfict  the  yields  of  the 
prixhicts  when  1%  of  pentane  is  ailded  to 
slowly  reacting  mixtures  of  Hj  + Oj  at  753 
K.  In  this  preliminary  analysis,  only  the  yields 
of  the  main  primary  prixlncts  at  \0%  loss  of 
pentane  will  1h‘  considered. 

Figure  1 shows  the  yields  of  the  main  early 
priHlucts  and  the  initial  gradients  show  that 
they  are  all  primary  prmlucts.  The  10%  yields 
are  summarised  in  Table  V.  Conjugate  alkenes, 
cracking  prixhicts  and  O-heterocycles  are  the 
major  prodncis.  The  pentenes  are  former!  in 
the  direct  bimolecniar  reaction  lietween  R and 
Oj,  methane,  ethylene,  propene,  and  butene- 1 
by  radical  cracking  reactions,  and  the  ring 
compounds  1.2-epoxybutane  (1,2EB),  2,3- 
epoxybntane  (2,3EB),  2-ethyloxetan  (2EO),  2,- 
4-dimethyloxetan  (2,4DMO),  2-methyltetra- 
hsdrofiiran  (2-MTHF)  and  fetrahydropyran 
(THP)  by  formation  and  snbserjnent  de- 
composition of  y<K)H  radicals.  Figure  2 
shows  the  reaction  pathways  for  the  formation 
of  these  prtKiucfs  from  the  three  pentyl  radi- 
cals. .At  this  stage,  it  is  assumed  that  the  Q(K)H 
radicals  decompose  uniquely  to  give  an  O-ring 
compound  and  the  OH  radical. 

For  comparision  with  the  experimental  re- 
sults, the  predicterl  yields  of  products  from 
the  three  pentyl  radicals  are  calculated  as 
follows. 

(i)  A ctHupiiter  program  is  used  which  incor- 
ptirates  a c<imprehensive  mechanism  for  the 
H]  -y  (>2  reaction  and  the  major  reactions 
occurring  when  traces  of  pentane  are  addetl. 
The  specific  parameters  (Table  I)  for  attack 
by  H,  OH,  and  HO.  on  the  hydrocarbon  are 
used  in  e(|uation  (i),  and  allowance  is  also 
made  for  minor  attack  by  O atoms.  For  the 
mixture  used,  the  percentages  of  1-,  2-,  and 
.3-pentyl  radical  formed  after  10%  loss  of 
neopentaiie  are  estimated  as  22,  52,  and  26%, 
respectively. 

(ii)  The  rate  constant  for  the  homolysis  of  both 
the  I-  and  the  2-pentyl  radical  is  assigned  the 
value  given  in  Table  H for  the  n-butyl  radical. 


Fio.  1.  Variation  of  products  with  loss  of  n-pen- 
tane.  Hj  = 140,  O2  “ 70,  N2  “ 285,  n-pentane 
« 5 mm  Hg;  T 753  K.  Part  A;  0, 2,3-epoxypentane; 
X,  2-ethyloxetan;  A,  tetiahydropyran;  •,  1,2- 

epoxypentane.  Part  B;  O.  pentene-1;  x,  cis-  and 
trans-pentene-2;  A,  2,4-diinethyloxetan;  2-meth- 
yltetrahydrofuran;  □,  butene-1.  Part  C:  O,  methane; 
X , ethylene;  propene;  A,  acetaldehyde;  □,  pro- 
pionaldehyde. 


and  that  for  the  .3-pentyl  radical  is  the  value 
given  for  s-butyl  radicals. 

(iii)  The  rate  constants  for  pentene  formation 
are  taken  as  the  values  for  the  structurally 
analogous  reactions  of  the  s-  and  n-butyl  radi- 
cals with  Oj  (Table  HI). 

(iv)  The  value  of  the  e<]uilibrium  constants 

(see  Figure  2.)  “ 459,  K,  j “ 

” 210  at  753  K,  are  calculated  from 
thermochemical  data. 

(v)  Rate  constants  for  the  isomerisation  reac- 
tion RO,  -►  Q(X)H  are  given  in  Table  IV. 
As  no  value  for  a l,7p  transition  is  available, 
a value  of  9.1  x 10^  is  assigned.  This  value 
predicts  the  correct  yield  of  tetrahydropyran, 
with  the  particular  rate  constants  used  for  the 
other  reactions. 
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CH2-CH(  CH2CH2 


4pl 


CH,CH,CH,CH,CH^0 


75Z 


2-pentyl  radical 


CH2-CHCH2CH2CH2  CHjCH-CHCH2CHj 


/»^ 

:H  CHCH  CH  CH 

i 

C3H6  + C2H5 


4p2 


i°2 


3-pentyl  radical 

CH2-CHCH2CHj 

t 

CHJCH2CHCH2CHJ 


CHjCH-CHCH2CHj 


Fig.  2.  Reaction  (cheme  for  pentyl  radicals. 
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(vi)  From  previous  studies,  it  is  known  that 
with  the  mixture  used  64%  of  n-CjH^  radi- 
cals react  with  Oj  to  give  propene  and  36% 
decompose  to  give  ethylene  and  CH, 
radicals,'^'  of  which  75%  react  with  Hjto  form 
methane.^' 

With  the  above  data,  the  relative  yields  of 
product  from  each  pentyl  radical  may  be 
calculated,  and  the  yields  aggregated.  The 
calculated  percentage  yields  are  shown  in 
Table  V,  together  with  the  experimental  yields 
at  10%  loss  of  pentane;  the  agreement  is  within 
a factor  of  about  2 for  all  prtKlucts.  Clearly, 
by  minor  adjustments  of  appropriate  rate  con- 
stants, the  agreement  could  be  improved  con- 
siderably, particularly  in  the  relative  yields 
of  the  pentenes  and  in  the  total  yields  of 
cracking  prcahicts  which  is  slightly  too  high. 
The  yields  of  O-heterocycles  are  closely  pre- 
dicterl,  with  the  possible  exception  of  the  two 
oxetans,  whose  experimental  yields  are  lower 
than  calculaterl  by  a factor  of  two.  When  the 
Oj  concentration  is  increased,  the  difference 
between  the  predictetl  and  experimental  yields 
of  the  oxetans  increases  significantly. 
Moreover,  the  experimental  yield  of  acetalde- 
hyde (about  10%  with  the  mixture  presently 
Ireing  discussed)  and  of  propionaldehyde 
(about  1..5%)  increases  with  [Oj].  To  a close 
approximation, 

t/[CH3CHOl/d[2,4DMO]a  [Oj 

andd[CjH,CHO]/d[2EO]a 

which  suggests  that  the  addition  of  to 
competes  with  decomposition  of 
y(X)H  to  give  oxetans.  A similar  conclusion 
is  reached  in  the  neopentane  addition  studies 
where  the  [acetone] /[3,3-dimethyloxetan] 
ratio  is  directly  proportional  to  [Oj].  It  thus 
appc'ars  likely  that  the  following  reactions  are 
important. 


If  the  aldehydes  are  formed  from  the  QOOH 
+ O2  reaction,  then  the  1,.5  f {-transfers  in 
pentane  oxidation  lead  to  both  oxetans  and 
aldehydes.  Therefore,  in  Table  V,  the  experi- 
mental yield  of  2,4  dimethyloxetan  should  be 
increased  by  .50%  of  the  acetaldehyde  yield 
(if  two  molecides  of  acetaldehyde  are  formed 
from  each  QOOH  -t-  Oj  reaction),  and  the 
experimental  yield  of  propionaldehyde  should 
be  added  to  that  of  2-ethyloxetan.  The  correct- 
ed figures,  shown  in  brackets,  considerably 
improve  the  agreement  Iretween  calculated  and 
experimental  yields.  There  is  no  evidence  that 
the  other  QtlOH  radicals  react  with  O2  at  a 
rate  competitive  with  that  of  decomposition. 

A final  consideration  is  the  role  played  by 
alkyl  radical  isomerisation.  In  the  pentane 
systt'm,  the  only  important  isomerisation  will 
be 

1 -pentyl  — ►2-pcntyl 

for  which  Arrhenius  parameters  of  A = 1.0 
X 10*'  and  E = 20.3  kcal  mol  ' have  been 
reported.'*^  At  7.53  K,  the  rate  con.stant  is  1.3 
X 10**.  With  the  isomerisation  incorporatetl 
into  the  mechanism,  the  proportions  of  1-,  2-, 
and  3-pentyl  radicals  produced  at  10%  loss 
of  pentane  are  effectively  modified  slightly 
to  20.2,  53.8,  and  26%,  respectively.  The  modi- 
fied relative  yields  of  products  are  shown  in 
Table  V,  and  it  is  clear  that  isomeri.sation 
reactions  will  be  unimportant  in  pentane  ox- 
idation under  normal  conditions  unless  the 
rate  constants  are  considerably  higher  than 
suggested  above. 

It  must  be  emphasised  that  this  discussion 
relates  to  the  distribution  of  initial  products 
and  not  to  the  progress  of  reaction  with  time. 
As  the  products,  alkenes  and  oxygenated 
compounds,  are  more  reactive  than  the  parent 
hydrocarbon,  the  development  of  the  reaction 
with  time  will  be  governed  also  by  the  reac- 
tions of  these  products,  and  in  particular  at 
temperatures  around  5(X)°C  by  the  build-up 


O2 

CH3CHCH2CHCH3  -*  CH,CH  - CH2-CHCH3  -►  2CH3CHO  + HCHO 

I I I 

OOH  OOH  0-0 


0-0 


O, 


2 I 


CH3CH2CHCH2CH2CX)H  CH3CH2CH -CHjCHjOOH 


\ 


O2 

CHjCHjCHCHjCHj -»CH3CH,CH  - CHj-CHj' 

I I I 

(XJH  OOH  0-0 


CH,CH,CHO  + 2HCHO 
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TABLE  V 

Pifdictwl  and  cxperiineiital  yields  of  prcxiiiets  from  pentane 
Oj  = 70,  Hj  = 140  n-pentane  = 5,  Nj  = 285  mm  Hg;  T * 753  K 


1-pentyI 

(22%)* 

Predictc-d 

2-pentyl 

(52%)* 

yields 

3- pentyl 
(26%)** 

Total 

yield 

Expll. 
yield 
at  10% 
loss 

Predic-tetl 
yield  with 
isomerisation 

pentene- 1 

,5.15 

6.1 



11.25 

17.3 

II.O 

pentene-2 

14.5 

174 

31.9 

25.7 

32.4 

butene- 1 

— 

— 

7.3 

7.3 

5.8 

7.3 

propene 

1.7 

9.6 

— 

11.3 

19.2 

11.5 

ethvlene 

3.5 

9.6 

_ 

13.1 

1.5.8 

1.3.2 

methane 

0.7 

— 

5.5 

6.2 

11.5 

6.1 

l,2-ep<)xy  butane 

0..35 

0.17 

— 

(>..52 

0.41 

()..50 

2,3-epoxybutane 

— 

1.85 

0.73 

2.58 

2.98 

2.64 

.3-ethyloxetan 

2.97 

— 

0..54 

.3.51 

1.88 
(3.4.5)  *■ 

3.27 

2,4'(litm'thyl()xetan 

— 

1.5.2 

— 

1.5.2 

7.3 

(12.8)< 

1.5.8 

2-methvlTUK 

9.61 

4.6 

— 

14.2 

10.4 

1.3.6 

TUP 

1..35 

— 

— 

1..35‘' 

1.35 

1.25 

■percentage  of  pentyl  radical  formed  from  n-pentane 
•■inclndes  yield  of  C2H,CHO  (see  text) 

‘ includes  50%  of  yield  of  CH3CHO  (see  text) 

'^k  (l,7p)  chosen  to  predict  yield  exactly 

of  which  is  likely  to  play  an  important 

role  as  a secondary  initiation  (degenerate 
hranching)  agent. 

Summary- 

Rate  constants,  obtained  mainly  from  studies 
of  Cj — C4  hydrocarlxtiis  ami  neopentane,  for 
reactions  of  major  importance  in  hydrocarlxm 
oxidation  at  -WKl-.SSOX)  have  iK-en  summariserl. 
Th«-  rate  constants  (without  imKlification)  have 
iH-en  used  to  predict  the  yields  of  products 
formed  when  pentane  is  added  to  slowly  rearl- 
ing  mixtures  of  Mj  + Oj.  The  agreement 
Ixetween  predicted  and  experimental  yields  is 
within  a factor  of  alxnit  2 for  all  the  major 
prcKlucts,  which  <x>ll«ftively  acixnmt  for  alxiiit 
90%  of  th«‘  pentane  csmsumerl  The  agreement 
is  improved  when  the  liirther  addition  of  O, 
to  ^,KK)H  is  ixmsidered  as  a route  to  lower 
aldehydes  in  crmipetition  with  decsmiposition 
of  (^K>ff  In  pentane  oxidation,  alkyl  radical 
isomerisations  will  not  Im-  important  at  4(K>- 
S'itfC  unless  the  (>j  coiKentration  is  very  low. 

Ai  knuuUdgmml 

This  work  was  supported  hy  lh«-  .Air  Ftme  Office 
of  Scientific  Research,  United  .Slates  Air  Force 

<afosr) 


REFERENCES 

1 . VVai.keh,  R.  \V.,  SPR  Chemical  Socic-ty,  Reaction 
Kinetics,  Vol.  1,  197,5,  p.  161. 

2.  Jones,  W.  E.,  MacKmght,  S.  D.,  and  Tenc,  L„ 
Chem.  flee.,  73.  407  (1973). 

3.  Gheineh,  N.  R.,  J.  Chem.  Phys.,  53,  1070  (1970). 

4.  Bake:h,  R.  R.,  Baldwin,  R.  R.,  ano  Wai.keb,  R.  W., 
Trails.  Faraday  Soc.,  66,  2812  (1970). 

5.  Baldwin,  R.  R.,  FcLi.Eti,  A.  R.,  LoNirriioRN,  D.,  and 
Wst.Ktii,H.W.,J.C.S.,  Faraday  I,  70.  1257(1974). 

6.  Baldwin,  R.  R,,  Lanc.exird,  D.  FL,  Matchan,  M. 
J,,  Walker,  R.  W.,  and  Yorke,  D.  ,A.,  Thirtec-nth 
Symposium  (Inleriiational)  on  Comhii.stiion, 
The  Comhiislion  Institute,  Pittsburgh,  Pa., 
(1971),  p 2,51. 

7.  Baldwin,  R.  R,,  and  Walker,  R.  W,,  Unpnhiished 
results. 

8 Papic,  .M  M.,  and  Laidi.er,  K.  J.,  ('anad.  J.  Chem., 
49.  53.5,  .549(1971). 

9 Moir.anroth.  W E , AND  Calvert,  J.  C.,  7.  .Amer. 
Chem  S,M  ..  HH.  .5.387  ( 1966). 

10.  Lin.  M.  C.,  and  Iwmui.er,  K.  j.,  Caneul.  J.  Chem., 
45.  1315(1967). 

1 1 Sijster,  I).  A..  Oii.i.iER,  S.  S.,  AND  Calvert,  ].  G., 
J .Amer  (.'hem.  Sm\,  90,  268  (1968). 

12.  Anderson,  K.  H..  and  Benson,  S.  W.,  J.  Chem. 
Pfius  . 4.3.  3747  (1964). 

13.  IIiA-rr,  R..  and  Benson,  S.  W.,  Internal.  ).  ('hem. 
Kuielii  s.  ,5.  .385(197.3). 


HYDROCARBON  OXIDATION 


1051 


t 


14.  Coi.DKN,  D.  M.,  per.sonal  cominiinication. 

15.  Marshall,  R.  M..  Pirs^ELL,  1.  H.,  and  Storey, 
P.  D.,  J.C.S.  Faraday  1,  V2,  85  (1976;. 

16.  Bai.dwin,  R.  R.,  and  Walker,  R.  W.,  Fourteenth 
Sym|x>si>im  (International)  on  Coinbusion,  The 
Combustion  Institnte,  Pittsburgh,  Pa.,  (1973), 
p.  241. 

17.  Baker,  R.  R.,  Baldwin,  R.  R.,  and  VVAi.KtiH,  R.  W., 
y.C.S.  Faraday  I.  71,  7.56  (1975). 

18.  Baldwin,  R!  R.,  Lanoeord,  D.  H.,  and  Walker,  R. 
W.,  Trans.  Faraday  Soc.,  65.  792,  806  (1969). 

19.  Sampson,  R.  J.,  J.  Chem.  Soi  .,  .5095  (1963). 

20.  Baldwin,  R.  R.,  Waijcer,  R.  W.,  and  Yorke,  D.  A., 
J.C.S.  Faraday  I.  69,  826  (1973). 

21.  Baker,  R.  R.,  B.m.dwtn,  R.  R.,  and  Walker,  R.  W., 
Trwis.  Faraday  Soc.,  66.  3016  (1970). 

22.  Baldwin,  R.  R.,  Clelch,  C.  J.,  and  Walker,  R. 
W.,  J.C.S.  Faraday  I,  72.  1715  (1976). 

23.  Bake;r,  H.  R.,  Baldwin,  R.  R.,  Fuller,  A.  R.,  and 
Walker,  R.  W..  J.C.S.  Faraday  I,  71.  7.36  (1975). 

24.  Baker,  R.  R.,  Baldwin,  R.  R.,  and  Walker,  R.  W,, 
unpiiblisherl  work. 

2.5.  SijATEH,  D.  A.,  AND  Cai.veirt,  J.  G.,  Adt.  Chftn. 
Series,  .No.  76.  p.  124  (1968). 

26.  Brinton.  R.  K.,  an»Viw,m.an,  D.  H.,  J .Chem.  Phys., 
22.  929  (19,54). 


27.  Hay,  J.,  Knox,  J.  H.,  and  Turner,  J.  .M.  C.,  Tenth 
SymfHisiiim  (International)  on  Combustion,  The 
Combustion  Institute,  Pittsburgh,  Pa.  (196.5),  p. 
.331. 

28.  Barnard,  J.  A.,  and  Lee,  R.  K.  Y.,  Comb.  Sci.  and 
Tech.,  6.  143  (1972). 

29.  Atherton,  J.  G.,  Brown,  A.  J„  Luckett,  G.  A.,  and 
Poi.Ijard,  R.  T.,  Fourteenth  Symposiiimdnterna- 
tional)  on  Combustion,  The  Combustion  In.sti- 
tiite,  Pittsburgh,  Pa.  (197.3),  p.  513. 

.30,  Baldwin,  R.  R.,  Plaistowe,  J.,  and  Walker,  R.  W., 
iinpiiblisherl  work. 

31.  Baker,  R.  R.,  Baldwin,  R.  R.,  Everett,  C.  J.,  and 
Walker,  R.  W.,  Combustion  and  Flame.  25,  28.5 
(1975). 

.32.  Benson,  S.  W.,  The  Mechanisms  of  Pyrolysis, 
Oxidation,  and  Burning  of  Organic  Compounds, 
N.B.S.,  Special  Publication  .357,  U.S.  Depart- 
ment of  Commerce,  Washington,  D.C.,  (1972), 

p.  121. 

33.  Fish,  A.,  Organic  Peroxides  (D.  Swern,  Ed.), 
Wiley,  New  York  (1970),  Vol.  1,  p.  141. 

.34.  Watkins,  K.  W.,  Canad.J.  Chem.,  50,3738(1972). 


COMMENTS 


D.  M.  Golden,  SHI,  USA.  Do  you  ever  observe 
or  consider  pressure  effec*ts  on  radical  cracking; 
reactions?  It  is  worthy  of  note  that  the  A factors 
for  the  H(>2  abstraction  reactions  which  you  have 
presenteti  are  hijjhtJ^  than  those  for  OH  abstraction 
from  the  same  molecules.  Tliis  is  despite  the  fact 
that  the  activation  energies  are  hi)(her  as  well  and 
the  expectation  that  siiK.'e  OH  is  a diatomic  spcH;ies, 
it  should  exhibit  the  higher  A factor. 


work,  pressure  effects  are  observed  up  to  about  2(X) 
mmHg.  Our  values  of  A (per  C-H  l>ond)  for  HO2 
+ alkane  are  assumed,  sinc'e  kiHOi  + alkane)  was 
only  determined  at  480®C.  Combination  of  our  re- 
sults at  480“C  with  those  of  Alc<x:k  and  Mile'  at 
I00®C  give  an  A factor  (per  C-H  bond)  of  5 x 10^ 
to  1.0  X 10**/  • mol  “'s'  and  E = 10.0  kcal  mol  ' 
for  HOj  attack  at  a tertiary  C-H  bond. 


Authors*  Hepi\f.  We  observe  no  pressure  effects 
on  alkyl  radical  cracking  reactions  in  our  studies 
of  Hj  + Oj  + N2  + hydr(x:arbon  mixtures  over 
the  range  2*50-760  mmHg.  In  the  aldehyde  oxidation 
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